Several species of helicobacter have been isolated from laboratory mice, including H. bilis, H. hepaticus, H. muridarum, H. rodentium, and H. typhlonius, which appear to be the most common. The most widely used published method for molecular detection of these agents is PCR amplification of a conserved region of 16S rRNA, but differential speciation requires restriction enzyme digestion of the amplicons. This study was undertaken to determine PCR conditions that would simultaneously and specifically identify each of the five common species without restriction enzyme analyses. First, we designed novel and specific PCR primers for H. bilis, H. hepaticus, H. muridarum, H. rodentium, and H. typhlonius, using sequences from the heterologous regions of 16S rRNA. Because of comigration of amplified products, we next identified P17, an H. bilis-specific protein; P25, an H. hepaticus-specific protein; and P30, an H. muridarum-specific protein by screening genomic DNA expression libraries of each species. Primers were designed from these three genes, plus newly designed, species-specific 16S rRNA primers for H. rodentium and H. typhlonius that could be utilized for a five-plex PCR. The sizes of the amplicons from H. bilis, H. hepaticus, H. muridarum, H. rodentium, and H. typhlonius were 435, 705, 807, 191, and 122 bp, respectively, allowing simultaneous detection and effective discrimination among species.
Several species of helicobacter have been identified from naturally infected laboratory mice, most commonly H. bilis (10) , H. hepaticus (9) , H. muridarum (15) , H. rodentium (25) , and H. typhlonius (12) . A recent study showed that infections with these bacteria are highly prevalent among research mouse colonies in the United States, Europe, and Asia (28) . Among 88% of 34 sources surveyed, mice were infected with one or more helicobacter species. H. hepaticus was the most commonly isolated species, followed by H. typhlonius, and H. bilis, while only one case each of infection with H. rodentium and H. muridarum was found (28) . A recent review described the significant effects of these bacteria upon research, including their association with hepatic neoplasia, intestinal neoplasia, and chronic proliferative enteritis in mice (30) .
In addition to their impact upon rodent health and research, there is growing evidence that some of these helicobacter species may infect humans and may be associated with human disease. This was initially evident with PCR amplification of H. bilis DNA in bile and gall bladders of humans with cholecystitis (8) . Subsequently, 24 of 29 patients with bile duct or gallbladder cancer tested PCR positive for H. bilis in their bile, compared to only 4 of 14 healthy subjects without biliary disease (17) . In a recent study, 4 of 14 biliary tract cancer patients tested positive for H. bilis DNA by PCR (18) . In addition to PCR, serologic studies have shown that human patients with chronic liver diseases, including autoimmune liver disease, developed antibodies to H. bilis and H. hepaticus (1, 20) .
Because of the high prevalence of helicobacter species in research mouse colonies, the impact of infection on research, and the growing awareness of their zoonotic potential, it is important to have rapid and reliable diagnostic tests. The most sensitive and widely used method for detecting helicobacter infections is PCR targeting of a genus-specific, conserved region of 16S rRNA. For speciation, this has been followed by restriction enzyme digestion of the amplicons for identification of species-specific fragment lengths. For example, in one study, H. hepaticus, H. bilis, and H. muridarum were distinguished by digesting a 374-bp 16S rRNA fragment with three different restriction enzymes (21) . Shen et al. analyzed 11 helicobacter species, including 4 murine species (H. bilis, H. hepaticus, H. muridarum, and H. rodentium). For the four murine species, a 1,219-bp 16S rRNA-amplified fragment was subjected to two different restriction enzymes, but H. bilis had to be further speciated using its own specific 16S rRNA primers (24) . Most published diagnostic PCR tests for helicobacter utilize independent amplification of targets from each Helicobacter species (3, 21, 24, 27, 29) . In addition to 16S rRNA targets, other genes have been targeted for PCR as well, including a urease gene (3, 26) and a cytolethal distending toxin B gene (14) .
This study was undertaken to develop and optimize PCR conditions that would simultaneously detect and speciate five of the more common helicobacter species of the mouse (11) by multiplex PCR without the need for restriction enzyme analyses. We initially designed primers from species-specific heterologous regions of 16S rRNA, but some of the amplified products comigrated, precluding accurate discrimination. We therefore developed species-specific primers from other regions of the genomes, using genes that were cloned from H. bilis, H. hepaticus, and H. muridarum genomic expression libraries. Primers for these three targets and newly designed 16S rRNA primers for H. rodentium and H. typhlonius were utilized to develop a five-plex PCR.
Animal Care, and this study was reviewed and approved by the Institutional Animal Care and Use Committee. All procedures and use of mice were in compliance with the PHS Guide for the Care and Use of Laboratory Animals.
DNA samples for PCR. Genomic DNA was purified from H. bilis, H. hepaticus, H. muridarum, H. rodentium, and H. typhlonius, as previously described (5) . DNA was also purified from fecal pellets from mice experimentally infected with H. bilis, H. hepaticus, or H. muridarum, as described (23) . Briefly, 7 to 10 pellets were suspended in 1 ml of sterile phosphate-buffered saline, mixed with toothpick and vortexed thoroughly. The mixtures were centrifuged briefly at 6,000 rpm for 10 s in a benchtop Microfuge R (Beckman, Palo Alto, CA). The supernatants were collected using a sterile 1-cm 3 syringe, and passed through a 0.8-m filter attached to the syringe. The filtrates were centrifuged at 13,500 rpm for 5 min. The supernatants were discarded, and the remaining pellets were used to extract DNA with the QIAGEN DNeasy Tissue kit (QIAGEN Inc., Valencia, CA) for animal tissues. DNA was eluted from the columns with 200 l of distilled water. Assays included negative controls from uninfected mice.
PCR. Each genomic DNA, fecal DNA, or tissue DNA sample was used as a template separately. Species-specific 16S rRNA primers for each helicobacter species were used (Table 1) . Twenty-five l of HotStarTaqMaster mix (QIAGEN Inc., Valencia, CA), 1 l of DNA template, 1 l of each primer at 100 M, and 22 l of distilled water were mixed for a 50 l of reaction. The concentration of genomic DNA was 5 g/ml, and the fecal DNA was 14 g/ml. For single-plex PCR, DNA was denatured at 94°C for 1 min, annealed at 55°C for 1 min, and extended at 72°C for 1 min. This process was repeated for 30 cycles in a PTC-220 DNA Engine Dyad Cycler (MJ Research Inc., Waltham, MA). Amplicons were analyzed by 1% agarose gel electrophoresis. Five-plex PCR conditions were similar to single-plex PCR, except the annealing temperature was 53°C and 2.5% agarose gel electrophoresis was used. Expression and purification of recombinant proteins. The primers for H. bilis p17 DNA corresponded to nucleotides 1 to 33 and 412 to 435 of the p17 gene. The primers for H. hepaticus p25 DNA corresponded to nucleotides 1 to 30 and 675 to 705 of the p25 gene. The primers for H. muridarum p30 DNA corresponded to nucleotides 1 to 39 and 768 to 807 of the p30. DNA from the original reactive clones for each gene was used as template. Amplified p17, p25, and p30 DNA fragments were cloned in frame with the glutathione S-transferase gene into pMX, a pGEX-2T vector (Pharmacia, Pistaway, N.J.) with a modified polylinker (22) . The PCR-amplified DNA sequences of the recombinant DNA were confirmed by sequence comparison with the original inserts. Recombinant proteins were purified on glutathione columns and freed of their glutathione S-transferase fusion partner by thrombin cleavage, as described (4). Antisera to H. bilis P17, H. hepaticus P25, and H. muridarum P30 recombinant proteins were generated by subcutaneous injection of 20 g of recombinant protein emulsified in 0.1 ml of Freund's complete adjuvant, followed by two boosts of 10 g of protein each in incomplete Freund's adjuvant at 2-week intervals. Sera were collected and tested by enzyme-linked immunosorbent assay (ELISA), and antibody reactivity of antisera was verified at a serum dilution of Ն1:100,000.
Native bacterial antigens. To prepare whole-cell lysates, broth cultures of H. bilis, H. hepaticus, H. muridarum, B. burgdorferi, and C. jejuni were pelleted by centrifugation, washed with cold phosphate-buffered saline, and then sonicated to lyse cells. The lysates were stored at Ϫ20°C.
Immunoblots. Four g of whole-cell lysates or recombinant proteins was resolved in 15% sodium dodecyl sulfate-polyacrylamide gels by electrophoresis and transferred to nitrocellulose membranes. For dot blots, a Bio-Dot Microfiltration apparatus (Bio-Rad, Hercules, CA) was used to transfer proteins to nitrocellulose membranes. A sheet of Bio-Rad 9 ϫ 12-cm Trans-Blot Transfer Medium nitrocellulose paper was soaked for 10 min in Tris-buffered saline (TBS) and then blotted with Whatman paper to dry. One hundred l of TBS was applied to each well to rewet the membrane, and then a vacuum was applied to the apparatus to remove the TBS. Proteins were diluted in TBS at 10 g/ml, and 100 l was then added to each well (one well is equivalent to one dot). The TBS was allowed to pass through the nitrocellulose by gravity filtration (approximately 1.5 h). Once all the TBS had filtered through, the unit was disassembled and the nitrocellulose membranes were then processed as immunoblots. Membranes were probed with immune serum diluted 1:100, then labeled with alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G secondary antibody, diluted at 1:4,500 (Sigma, St. Louis, MO).
ELISA. One hundred l of 1 g/ml of whole-cell lysates or recombinant proteins in carbonate coating buffer (pH 9.6) was plated in 96-well plates, as described (7) . Duplicate samples of each mouse serum, including uninfected normal mouse serum as a control, were diluted 1:200 for probing. Secondary antibody was alkaline phosphatase-conjugated goat anti-mouse immunoglobulin G (HϩL) diluted at 1:5,000 (Jackson ImmunoResearch Lab. Inc., West Grove, PA). Optical density values were read on a Kinetic Microplate Reader (Molecular Devices, Sunnyvale, CA). Values were subtracted from background reactivity against normal mouse serum at optical density 405 nm.
Nucleotide sequence accession number. The GenBank accession numbers for H. bilis p17, H. hepaticus p25, and H. muridarum p30 are AF444005, AF444004, and AY734881, respectively.
RESULTS
Identification of three species-specific genes for H. bilis, H. hepaticus, and H. muridarum. Because it was apparent that species-specific multiplexing could not be accomplished with 16S rRNA targets alone, additional species-specific gene targets were sought. Genomic DNA expression libraries were generated from the clonal populations of H. bilis, H. hepaticus, and H. muridarum. Each library was screened with serum collected from mice infected with the homologous helicobacter species, 6 months after inoculation.
The H. bilis DNA library yielded a 435-bp immunoreactive clone encoding p17. P17 recombinant protein was generated, and it was shown to be reactive with serum from H. bilisinfected mice with an ELISA titer of Ն100,000. Specificity of PCR primer sets for amplification of DNA from mice that were naturally infected either with H. bilis or H. hepaticus. Liver, colon, and colonic mucosal scrapings were collected from mice obtained from commercial colonies infected with H. bilis or H. hepaticus. As shown in Table 2 , all mice that were infected with H. bilis were PCR negative for H. hepaticus, H. muridarum, H. rodentium, and H. typhlonius. All 20 H. bilis naturally infected mice were PCR positive with p17 primers. Amplicons generated by p17 primers from mouse 2 and mouse 3 were subcloned and sequenced, and the DNA sequences confirmed they represented the corresponding sequences for each DNA fragment of H. bilis.
Using the same sets of primers for samples derived from naturally infected mice with H. hepaticus, all 20 H. hepaticusinfected mice were PCR negative with H. bilis, H. muridarum, H. rodentium, and H. typhlonius (Table 2) . When primers for H. hepaticus p25 were used, all 20 mice were PCR positive, and sequences of the amplicons were identical to p25 gene sequence. These results indicate that these 20 mice were only infected with H. hepaticus, as the mouse vendor suggested.
Multiplex PCR for helicobacter species differentiation. The initial attempts to develop a five-plex PCR with primer sets targeting only 16S rRNA sequences were unsuccessful due to the inability to generate distinctively sized amplicons. The above findings allowed the development of a five-plex PCR with sufficient sensitivity for detection of each helicobacter species and with sufficient specificity for differential speciation based on the size differences among the five chosen targets. A five-plex PCR was performed with a mixture of primers for p17, p25, p30, H. rodentium 16S rRNA (Hr1021f/1375r), and H. typhlonius 16S rRNA (Ht163f/262r) ( Table 1 ). The multiplexed primers were added to genomic DNA of each helicobacter species and to DNA from B. burgdorferi and C. jejuni as negative controls. As shown in Fig. 1 , only the homologous targeted gene was amplified from each species. No DNA was amplified from B. burgdorferi or C. jejuni (data not shown). Furthermore, amplification products were sufficiently diverse in size to allow differential speciation (Fig. 1) .
It was not possible to obtain mice that were coinfected with all five species of helicobacter. In order to evaluate the efficacy of multiplex PCR on feces from mice coinfected with multiple helicobacter species, fecal DNA from a normal mouse was spiked with genomic DNA of each helicobacter species. In the presence of 1 l of normal mouse fecal DNA per 50 l of PCR, the sensitivity of the five-plex PCR primer amplification of each individual target was not affected by the presence of fecal DNA. Results were consistently positive at 0.5 ng of genomic DNA for the corresponding primers of each of the five species, and the results were positive at 0.05 ng for H. bilis, H. rodentium, and H. typhlonius (data not shown). Next, 1 l each of the five Helicobacter genomic DNAs was mixed and then serially diluted ten-fold. One l from each dilution plus 1 l of normal mouse fecal DNA were added to a 50-l five-plex PCR. All five targeted DNA fragments were amplified at 0.5 ng (Fig. 2) , but not at 0.05 ng. These results suggested that fecal DNA did not affect sensitivity of the five-plex PCR; however, multiple tem- plates did reduce the sensitivity of the five-plex PCR about 10-fold.
DISCUSSION
The current study successfully developed five primer sets for differential amplification of DNA targets from H. bilis, H. hepaticus, H. muridarum, H. rodentium, and H. typhlonius. Development of primers from heterologous regions of 16S rRNA was effective, but several of the amplification products comigrated, thereby precluding accurate discrimination in a multiplex format. In a series of experiments, we developed a set of five primer sets with sufficient sensitivity, specificity, and diversity in amplicon size to allow accurate and simultaneous detection of the five named species of mouse helicobacters. Ultimately, it was deemed appropriate to target three novel genes, H. bilis p17, H. hepaticus p25, and H. muridarum p30, in combination with 16S rRNA sequences that were specific for H. rodentium and H. typhlonius. Because of the difficulty in obtaining DNA samples from mice naturally coinfected with all five murine species, we tested fecal DNA spiked with mixtures of all five genomic DNAs in a five-plex format. Under these conditions, all five targeted DNAs could be amplified at 0.5 ng in a single five-plex PCR. For better resolution, the annealing temperature had to be lowered to 53°C following 2.5% agarose gel analysis instead of 55°C and 1% gel analysis for single target DNA five-plex PCR. Thus, a single five-plex PCR, followed by one agarose gel electrophoresis, was enough to differentiate among the five species. Recently, Nilsson et al. (19) also developed a multiplex PCR assay for helicobacters, but two sets of PCR had to be performed, targeting V3 and V6 to -7 regions of 16S rRNA, followed by 9% polyacrylamide gel electrophoresis running for 4 h, which required more work and expense.
Although there is growing evidence that different murine helicobacters may be associated with human infection and disease, including H. bilis and H. hepaticus (1, 8, 17, 18, 20) , other murine helicobacter species have yet to be incriminated as potential zoonotic agents. Mouse helicobacter infections are particularly insidious, as they seldom produce clinical signs or lesions in immunocompetent mice. Nevertheless, it is incumbent upon laboratory mouse programs to effectively test for the presence of infected mice, which may threaten disease-susceptible, immunodeficient, or genetically altered mice and compromise research derived from these infected mice (30) . Serologic assays for testing mouse populations are problematic, in that immunocompetent mice may not seroconvert, or do so at low titer during late infection, and immunodeficient mice may not mount detectable antibody responses. Furthermore, antigens that are used for serodiagnosis of helicobacters are relatively insensitive. Recombinant proteins are being analyzed, but there are still no strongly immunogenic antigens for all of the mouse helicobacters. Two recombinant proteins have been described for serodiagnostic purposes, including P167 of H. bilis (6) and Map18 of H. hepaticus (16) . P167 recombinant protein proved to be H. bilis specific (6), while Map18 recombinant protein proved to be H. hepaticus specific, but less sensitive than membrane extract antigen (16) . For these reasons, surveillance of mice for helicobacter infections is generally done with fecal PCR, using universal Helicobacter genusspecific primers (21) . However, the growing interest in these agents will increasingly warrant differential speciation. Thus, a multiplex PCR such as that described in this study will allow efficient screening of mouse populations.
